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Executive Summary
The goal of this project, sponsored by Pacific Pickleball, was to design a pickleball paddle to
prevent overuse injuries. This was accomplished through a design that minimizes joint forces
experienced by the player during play. Current injury-preventative paddles on the market lack in
their injury prevention methods, so this project aimed to produce a superior design that meets
player and manufacturer requirements.
This project was completed using the mechanical design process. The project went through
product discovery (establishing needs), project planning, product definition (generation of
customer requirements), conceptual design, and product development (synthesis of a product
and manufacturing requirements). Post-production product support was not within the scope of
the senior design project.
The most common pickleball injuries are tennis elbow and rotator cuff injuries, both of which are
caused by strain during a backhand stroke. Our final dual-property paddle design absorbs more
energy on the backhand side compared to the forehand, following injury-preventative research
ideology for the backhand stroke.
Customer requirements consisted of player (consumer) and manufacturer/distributor (sponsor)
requirements. In addition to injury prevention, our sponsor required the paddle to follow all USA
Pickleball Association (USAPA) manufacturing requirements to be legal for tournament play.
These requirements translated into the specifications of biomechanics data and a series of
product measurements. Consumer requirements focused on the performance and price of a
finished paddle. A customer performance survey, durability test, and manufacturing cost
estimate were the specifications extracted from customer requirements.
The key data used to determine our prototype’s functionality include the biomechanics lab data,
the customer survey, and the adherence to USAPA paddle requirements. The biomechanics
data determined the backhand side of the prototype paddle reduces joint forces by over 30%,
reducing the likelihood of shoulder and elbow injury (p=0.023). Our customer survey revealed
flaws in the manufacturing of the prototype, but it provided information on how to properly
mass-produce the design with access to better manufacturing technologies. Adherence to
critical USAPA requirements determined the paddle could be sold as a USAPA approved paddle
and used in tournament play. Testing revealed the necessity of minor changes in manufacturing
but overall viability as an injury-preventative technology.

Introduction
This project was intended to design a pickleball paddle to minimize joint reaction forces in the
elbow and shoulders of pickleball players. Tennis elbow, which is considered pain, soreness,
and/or weakness in the dominant hand, is common in pickleball players and suspected to be the
cause of overuse and muscle strain. It’s hypothesized that paddle design to minimize joint
reaction forces in the arm will reduce pain and prevent further injury in players with tennis elbow.
The project sponsor and primary stakeholder, Roar Berg-Johansen, is a pickleball player and
paddle seller. The main deliverable of the project was a paddle design that is proven to reduce
joint reaction forces in the arm and ultimately address the root cause of common overuse
injuries.
In this final report, a background will provide a summary of existing information on the topic and
its effect on the project, objectives will define the scope of the project, project management
information will outline project logistics, and morphology, concept evaluation, and conceptual
model will describe the work completed regarding conceptual design. Lastly, detailed design,
prototype manufacturing details, test plans, and test results will describe the final design and
outline future recommendations.

Background
Pickleball is a sport similar to tennis, where players use paddles to hit a plastic ball back and
forth over a net. Compared to tennis, pickleball is played on a smaller court and has a smaller
learning curve. Players can become adequate players within hours or days of picking up the
sport. High accessibility to the sport encourages people of all ages and athletic abilities to learn
and participate.

Customer Observations
Team members spoke to the project sponsor and additional pickleball players to develop a
better understanding of the project and the problem to be solved. The following information was
obtained regarding the project. Further information regarding the problem statement, project
boundaries, and customer wants/needs are included in the Objectives section.
Players typically don’t consider joint force minimization until they’re injured, therefore the target
customers are players with current or previous injuries. Injury is more common in older groups
and groups that play frequently, so the design must be versatile in performance. Some players
prefer to play with their index finger placed on the back of the paddle, similar to a table tennis
grip, which may impact reaction forces and the pathway to injury.
Individual players will have unique preferences for the type of paddle that best suits them. Most
customers will test several paddles before deciding on the design that best suits their comfort
and needs. Differences between paddles include grip thickness, paddle length, paddle
thickness, face material, paddle weight, and design of control vs power. All paddles are subject

to regulations by the USAPA (USA Pickleball Association) when used in recognized play, but
within these regulations, there’s room for differences in design to suit individual player needs
and preferences.
Additional considerations include lifespan, which, for the leisurely player, is typically 2-3 years
until the core material wears or the handle breaks off. Typical wear includes scuffing and edge
guard loosening.
In addition to paddle design, community members suggested improvement in grip design to
enhance comfort and minimize slipping, potential application of smart wearable technology on
the arm to detect injury-causing motion, and paddle sensors for the same reason.

Existing Designs
Currently, there are two major designs on the market that claim to reduce forces experienced by
the player: dynamic paddles with micro bearings, and gel core paddles. Additional designs
aren’t intended to reduce forces, but may inadvertently do so. Existing products and patents
relevant to this project are summarized in Table 1.
Table 1. Intellectual property assessment
Product

Marketing Claim

Technology

ProKennex
Kinetic
Technology

Protects player by
eliminating shock
and vibration to
the arm

Micro bearings within chambers in paddle

Gel-Core

Vibration
reduction

Silicone-infused honeycomb design, polypropylene/elastomeric gel, carbon
fiber throat reinforcement

AMPED Omni
Midweight

N/A - general
standard paddle

N/A - general standard paddle

Patent

Inventor(s)

Marketing Claim

Claim/Technology

Actions to Avoid
Infringement

“Pickleball
Paddle”

Todd Pree

Eliminates failures
caused by the
assembly of
different materials

One continuous piece of
composite material comprising
the paddle face and handle
consisting of a polymer foam
impregnated with fibers,
continuous-strand fibers, and
woven roving fibers, where the
covering material is a layer of
elastomer

Utilize adherence
of multiple
materials

“Pickleball
Paddle”

Lee Fend-Yu

Provides
secondary force to
enhance the

Paddle face contains a hollow
cylindrical space at an angle,
which is filled with at least one

Modify design

strength of a swing
from the player

“rolling member,” such as small
metal balls

“Sound
Absorbing
Game Paddle”

John Fox, Sean
O’Connor, Willard
Brakman, and
Brett Lucas

Reduce noise while
playing

Blade of the paddle consists of a
filling (foam, gel, silicone, or
polymer) that joins the
honeycomb center to absorb
noise

Avoid internal
filling

“Pickleball
Paddle”

Tom J. Morrison

Continuation of the
forearm

Handle resembles a loop that
can be gripped by the user and
swung like an extension of the
hand

Avoid loop design

“Grip with
Rippled Strap
for a Pickleball
Paddle”

Yang Xiao Yan

None specified

Rippled design of the pickleball
paddle handle: a raised line
spiraling up the handle

Avoid spiral grip

“Dual Core
Pickleball
Paddle”

Eric Marvin

Improve
performance

Paddle face is composed of a
core layer of 2 different
materials, may consist of
Nomex, made of polyethylene
and polypropylene

Use 3 core
materials

“Vibration
Reducing Grip
for Clubs and
Racquets”

Kurt A. Schroder
Daniel C. Tagtow

Preferentially
dampen high
frequency torsional
vibrations to
prevent user pain
and discomfort

Longitudinal cavities within the
grip

Modify design

Relevant Technical Literature
Tennis elbow is generally understood to be a reflection of tendon overuse (and failed tendon
healing), technically defined as either angiofibroblastic tendinosis or lateral epicondylitis. There
are three typical locations in the arm for angiofibroblastic tendinosis: lateral (primary muscle
extensor carpi radialis brevis and secondary muscle extensor digitorum communis), medial
(primary muscles pronator teres, flexor carpi radialis, and palmaris longus and secondary
muscles flexor carpi ulnaris and flexor sublimis), and posterior (primary muscle triceps). The
condition is historically considered a degenerative process, as histology reveals no inflammatory
cells, hence the name tendinosis not tendinitis [1]. Lateral epicondylitis is a degenerative
disorder of the extensor origin at the lateral human epicondyle where microtrauma causes
degeneration [2].
Risk factors of tennis elbow include age over 35 years, high activity level (either sport or
occupational, 3 times per week or 30 minutes or greater per session), and demanding activity
technique [1]. The greatest muscle activity in tennis players exists in the wrist extensors and the

extensor carpi radialis brevis, which experience excessive loading and excess tendon-bone
pressure during a backhand stroke [2].
To prevent injury and aid injury recovery, control of excessive tendon loading can be
implemented, either through bracing, technique, or equipment. In bracing, a counterforce
concept diffuses overuse forces over a broader area, which may decrease elbow angular
acceleration, decrease EMG activity (muscle activation), and relieve pain. Technique is
dependent on the activity, but proper technique can avoid overuse and strain. Equipment also
depends on the activity, but in tennis, a mid-sized and medium-flex racquet of lightweight
materials, critical grip size for the individual, and low range string tension all offer some
protection to the player [1].
Nirschl’s sizing is a common method used to size paddle grips for an individual player. If players
remain within 0.25 inches of their Nirschl recommendation, there is no significant effect on
muscle activity within the arm and subsequent risk for upper extremity cumulative trauma. This
indicates a tolerance of at least 0.25 inches from a player's Nirschl measurement such that the
player is not at an increased risk of injury due to grip size [3]. Grip pressure experiments have
yielded no significant differences between novice and advanced players [4].
EMG and wrist kinematic data indicate that, throughout their stroke, novice players eccentrically
contract their wrist extensor muscles, which facilitates muscle fiber injury and subsequent lateral
tennis elbow. This type of injury is more common in the novice player than the advanced player
because advanced players have better developed technique where contraction occurs after
contact with the ball [5]. These eccentric contractions of the extensor carpi radialis brevis
(ECRB) during impact with the ball are exacerbated by wrist flexion and low muscle activation in
the novice player [4].
Lower ECRB tension exhibited by novice players increases the effect of the ball force on
changes in muscle-tendon length, which can lead to injury. In addition, peak muscle tension
occurs in novice players at the time of ball impact, which creates an issue where the muscle is
unable to adequately counteract the large applied load in a biomechanically safe way. Lastly, in
novice players, the lengthened muscle goes beyond its length-tension relationship, which
results in connective tissue experiencing large amounts of loading. Advanced players exhibit
increased muscle activation, shorter ECRB length at impact, and flexion-to-extension reversal
before impact, all of which contribute to greater muscle control and less risk for injury. Proper
technique minimizes wrist flexion and ulnar deviation (to decrease ECRB length) and increases
muscular strength (to properly manage ball impact) [4].
In tennis rackets, tennis elbow conditions were improved while using rackets with active
dampening technology. The technology utilizes piezoelectric fibers to convert mechanical
energy to an electrical response that stiffens the frame and decreases vibrations. High-end
rackets include an electronic chip to amplify the effect [6]. In tennis, hitting the “sweet spot” on
the racket, in the center where translation and rotational forces cancel, results in lower loads on
the arm than hits on “off-center” of the racket. Stiffer rackets reduce vibrations experienced by

the player [7]. Racket designs and player mechanics are similar to paddles, so this information
may be applicable for pickleball paddle design.

Applicable Standards and Regulations
The USA Pickleball Association (USAPA) maintains the official rules and regulations for
pickleball play within the United States. The Equipment Evaluation Committee (EEC) evaluates
paddle prototypes and product introductions to ensure new designs maintain the “nature of the
game” by not increasing power or ball spin. Paddles should be licensed by the USAPA in order
to obtain approval for official play, such as in tournaments. Licensing requires EEC approval and
successful completion of a variety of equipment testing [8]. Paddle specifications for testing are
summarized in Table 2.
Table 2. USAPA paddle testing specifications
Specification

Maximum allowed*

Length

17 inches

Combined length and width

24 inches

Surface roughness of face

30 μm Rz
40 μm Rt

Deflection of 6.6 lb weight

0.005 inches

Surface reflectiveness (at 60° angle)

80 GU

*No minimum specifications exist

Objectives
Problem Statement
Pickleball is a growing sport in America and the international community, which creates a large
market of players seeking a solution to common “tennis elbow” injury in the sport. Approximately
4.1 million people in the United States play pickleball, approximately a quarter of the population
that plays tennis [9]. 33.7% of serious pickleball players are above the age of 65 [10]. With a
large proportion of players being older than a typical sport, the participating population is more
at risk of injury. Pickleball players experience overuse injuries at a higher rate than similar
sports, such as tennis, sidelining their players and keeping people from playing the game they
love.
Pacific Pickleball (Roar Berg-Johansen) sought to solve this problem by designing a paddle that
reduces overuse injuries. We researched, brainstormed, designed, and prototyped a pickleball
paddle that reduces overuse injuries in customers while still maintaining the level of quality they
have come to expect from Pacific Pickleball.

Boundary Condition
Through our research, we determined the root causes of overuse injuries in pickleball and
tennis. Our preliminary research indicated joint reaction forces in the elbow and shoulder have a
large effect on likelihood of tennis elbow or rotator cuff injuries. We brainstormed and designed
a pickleball paddle to minimize these joint reaction forces considering different materials,
designs, weight distributions, and honeycomb configurations. We prototyped our paddle using
Cal Poly labs and the recommendations of Roar Berg-Johansen of Pacific Pickleball. We tested
our prototype in the Cal Poly Human Motion Biomechanics lab (HMB), by measuring joint
reaction forces. We made manufacturing and design recommendations to Pacific Pickleball
based on the testing results of the prototype, such that the paddle may be mass-produced in the
future as a market-ready product of Pacific Pickleball. We did not produce a paddle that would
be used by professional pickleball players because of its on-court performance. The goal of our
paddle was to reduce injury, not to make a player better at the sport.

Indications for Use: Force Reduction Paddle
The Force Reduction Paddle is indicated for use in players with symptoms consistent with
lateral epicondylitis (tennis elbow), medial epicondylitis (golf elbow), impingement of the
supraspinatus tendon, superior labrum anterior-to-posterior (SLAP) tears, and/or tendinitis or
subluxation of the extensor carpi ulnaris. The Force Reduction Paddle reduces the risk of injury
in elbow and shoulder joints by reducing the force experienced in these joints during the course
of typical play. Any pickleball player, including uninjured players, can safely and effectively use
the Force Reduction Paddle in the course of a game. Any pickleball player at high risk for injury,
such as: those over the age of 65, those who play 4 or more days a week, and those who play
for more than an hour at a time, can have their risk of injury reduced by using the Force
Reduction Paddle. The Force Reduction Paddle should be held in the dominant hand, held in
the correct orientation specified by paddle labels, and only used within the expressed rules of
the United States Pickleball Association. Any pickleball player with severe elbow or shoulder
pain or discomfort should seek medical advice in addition to using the Force Reduction Paddle.

Customer Requirements
Pacific Pickleball had a target customer group in mind. They targeted an older age group, as
they are more likely to experience injuries. The paddle was also designed for people who are
recovering from pickleball injuries, as most people do not think about injury preventative paddles
until they are injured themselves. The most common injuries that occur in pickleball include
tennis elbow (lateral epicondylitis) and rotator cuff tears. Pacific Pickleball sells their paddles to
players with a skill range from amateur to professional. Our paddle must work well for the needs
of a wide variety of skill levels. The average pickleball paddle on Pacific Pickleball sells for
$150, so our paddle should be in a similar price range in order to sell competitively. Our paddle
should be manufactured for a price of approximately $30 to sell it at a price near $150. One of
the most important requirements Pacific Pickleball requires of our paddle is that it follows the
USAPA paddle regulations and reduces joint forces. This certification is very important in order
to have legitimacy in the market to sell the paddle. The paddle also must be durable and not

break during normal gameplay. A full list of the customer requirements is displayed in Appendix
A.

Specification Development
We quantified customer requirements by researching and selecting certain measurements and
ranges that most affect that aspect of the paddle. The process of creating a house of quality
guided the development of these specifications. Customers were identified, customer
requirements were translated into measurable specifications, the importance of the
specifications was determined, and current technologies were compared against these
requirements. Certain specifications were translated from customer needs, and others were
directly taken from USAPA manufacturing requirements. The basic foundation of the house of
quality, including the who and what, is displayed in Figure 1.

Figure 1. Snippet of foundation of house of quality

For reducing joint reaction forces, we compared the joint reaction forces of our prototyped
paddle to those of a typical mid-weight paddle, using measurements taken in the Cal Poly HMB
lab. The forces of the new paddle were to be at least a 20% reduction of the forces produced by
standard paddle. We determined that manufacturing price was a criteria we could control that
would later affect the market price. We determined a maximum of 20% from the typical cost for
a high end paddle (approximately $30) should be achieved in order to sell the paddle for around
$150 and be profitable. In order to determine durability, the paddle underwent fatigue testing
with 50 strikes of a pickleball, and initial and final exit velocities were compared to ensure the
paddle maintained its integrity during play. This tolerance was two-sided because the new

paddle may be slightly less or more durable than a standard paddle, as long as it remains at a
similar durability.
Most of our design requirements were established by the regulations set forth by the USAPA.
This organization has a very specific set of rules that must be followed for a paddle to be
approved. The length and width of the paddle must add up to no more than 24” with paddle
length not exceeding 17”. The paddle deflection mustn't exceed 0.005” anywhere on the paddle.
No decals or tape may be present further than 1.0” from the bottom of the paddle. Surface
roughness must be less than or equal to 30µm. Lastly, the reflectiveness of the face of the
paddle mustn’t exceed 80GU. These requirements must be met in order to be sold effectively.
Summary of these specifications is included in Table 3.
Table 3. Engineering Specifications
Requirement

Target and Tolerance

Risk

Compliance method

Forces on joints

20% less than standard paddle

High

Biomechanics Lab Testing

Paddle face
surface
roughness

less than than 30 µm

Moderate

Roughness Test

Paddle length

less than 17 inches

Low

Measurement

Combined paddle
length and width

less than 24 inches

Low

Measurement

Paddle face
deflection

not to exceed 0.005 inches

Moderate

Deflection Test

Decals and tape

extend no further than 1.0 inch

Low

Measurement

Surface
reflectiveness

no greater than 80 GU

Low

Glossometer test

Manufacturing
cost

$30 + $6

Moderate

Manufacturer Quote

Fatigue test

equal to or greater than standard
paddle ± 20%

High

Fatigue Test

Customer Survey

Equivalent or Higher customer
satisfaction

High

Customer Survey

Measurements
We measured joint reaction forces using Cal Poly’s HMB lab. We measured surface roughness
using a profilometer. We measured all length, width, and decal requirements using a tape
measure. We measured surface deflection using a bend-test instrument. We used a
glossometer scale to measure the reflectiveness of the surface of the paddle. We conducted a
fatigue test, using a yardstick, and a slow motion camera to measure how high the pickleball

rebounds off the paddle and any changes between hit 1 and hit 50. We obtained manufacturing
quotes and conducted a customer satisfaction survey with pickleball players.

High-Risk Requirements
In order to meet our goals, we must’ve met all of our requirements. However, the most important
requirement to achieve was injury prevention through reduction of joint reaction forces. This
requirement is what brought our sponsor, Pacific Pickleball to Cal Poly and was our number 1
priority in designing this paddle.
Our other high-risk requirement was following the USAPA requirements. A paddle being USAPA
approved is a huge positive factor when selling it. In order for our paddle to sell well, it must
follow these requirements and be approved by the USAPA.

Project Management
For this project, the general design process we followed was product discovery, project
planning, product definition, conceptual design, product development, and minor product
support. Product discovery consisted of meeting with our sponsor to get a better idea of the
product we are making and what the project entails. Project planning was focused on
completing our network diagram (Appendix B). For our network diagram, we created a Gantt
Chart, with the critical path highlighted in red. After finalizing the budget (Table 4), there was
$144.66 left in our Hannah Forbes Fund money and $97.94 in our State Funds. The total cost
for the project was $457.38.
Table 4. Budget

To complete product definition, we conducted research on current paddles, paddle
specifications, and the ideal customer. This allowed us to complete our House of Quality and
generate our Indication for Use document. The House of Quality allowed us to compare many
aspects of current paddles to our customer requirements, which helped us determine certain
engineering specifications for our product.
We also completed multiple assignments for the conceptual design, described in the Conceptual
Design section. We first completed a morphology table that allowed us to complete three
different concept sketches. Then, a pugh chart was used to compare the 3 different designs. We
then moved forward with the top choice to create our concept models.
After completing our conceptual model, we began the process of product development by
completing our detailed design and looking into a manufacturing and testing plan, described in
the Detailed Design section and the Manufacturing and Test Plans Section. A consideration
when choosing our final design was the design hazard checklist, shown in Appendix C, which
helped ensure our design was safe. A paddle prototype was then manufactured and tested for
USAPA Regulations, Force Reduction, and customer feedback. This prototype underwent a
single iteration to improve material adherence.
The last part of the design process is product support. It is not included in the senior design
class, but we will work with Mr. Berg-Johansen to ensure he has all the information necessary to
continue production of the paddle.

Conceptual Design
Morphology
A morphology was constructed, as shown in Table 5, which visually illustrates different design
concepts our group developed. All designs were brainstormed with the goal of minimizing joint
reaction forces and force in the ECRB (extensor carpi radialis brevis). More specifically, we had
4 functions that features of the paddle were brainstormed to address. Function 1 was
attenuating force transferred from the paddle to the arm, which would reduce the overall forces
experienced by the muscles and joints in the arm. Function 2 was maintaining speed of the ball
during impact. This function is very important to maintain the level of paddle performance
needed to keep players using the paddle. The paddle must be able to strike the ball and allow a
player to play as usual. Function 3 was maximizing the “Sweet Spot” of the paddle. This sweet
spot is where the ball bounces off the paddle most efficiently and without longitudinal rotation,
which will reduce torsional forces experienced by the player during impact. Function 4 sought to
minimize force on wrist and elbow muscles by adjusting the weight distribution of our paddle.
For each of these functions, we developed and sketched concepts. We then combined concepts
from the morphology to form our concept design sketches.

Table 5: Table of different characteristics and functions of possible paddles

Morphology
Product: Force Reduction Pickleball
Paddle
Function

Concept 1

Organization Name : Pacific Pickleball
Concept 2

Concept 3

Concept 4

Micro-bearings

Active
dampening
technology

Very thick
grip
(dissipate
force over
larger area)

Paddle face
material
absorbs or
completely
transfers
impact

Springs inside

Floppy
handle-paddle
interface

Face material
exploration:
carbon fiber vs
graphite vs other

Micro-bearings

2 separate
properties on
the paddle
faces based
on mechanics
of stroke

Spinning
gyroscope

Weight
distribution
around edge to
increase
moment of
inertia

Dual Core

Shorter handle,
so larger surface
area of paddle

Taller/skinner
paddle face to
reduce paddle
area able to
rotate

Weight
distribution
around edge to
increase
moment of
inertia

Weight
concentrated
in/near handle

Weight
concentrated in
center to decrease
momentum lost

Even weight
distribution

Maintain ball velocity
when striking paddle
surface (conserve
momentum)

Distributes weight such
that wrist flexion and
ulnar deviation are
minimized (minimize
rotation upon ball
impact)

Concept 6

Kinetic Sand

Attenuate force from
paddle to arm

Maximize “sweet
spot,” where translation
and rotational forces
cancel

Concept 5

Sponge-like
handle

Electronic
feedback to
player to
activate
muscles/indi
cate
improper
technique

during impact

Team member: Claire Steines
Team member:
The Mechanical Design Process
Professor David G. Ullman
Copyright 2008, McGraw Hill

Team member: Nick Rodgers
Team member: Kaley
Sapper

Prepared by:
Checked by:

NR
NR

Approved by: NR
Designed by
Form # 15.0

From our morphology, we developed concept sketches for 3 different concepts, as shown in
Table 6. The dual-property concept is composed of two honeycomb patterns on either size, one
differing from the other in density. One side is designed to maintain ball velocity, and
subsequent high performance, and the other is designed to attenuate force in the arm when the
ball hits it by absorbing impact while maintaining reasonable ball velocity. The goal is to allow
the forehand side, which is less susceptible to injury, to maintain high performance while slightly
modifying performance to decrease the occurrence of injury on the backhand side. The
dual-core paddle is the same on either side but consists of a honeycomb pattern that is
non-uniform. This pattern is more dense around the edges and less dense towards the middle.
This design was made to maximize the area on the paddle face that can hit the ball without
losing energy into the arm. The dual-core paddle should increase quality of play while
attenuating force in the elbow and wrist. Lastly, the spin-reducing paddle was designed in hopes
to reduce unnecessary longitudinal rotation. This was completed by including gyroscopes
spinning within the framework of the paddle and distributing weight along the longitudinal sides
of the paddle. Conservation of angular momentum makes it more difficult for this type of paddle
to spin than a paddle with even weight distribution and no gyroscopes.

Table 6. Concept Sketches
Description

Sketch/Specifications

Dual Property Paddle concept sketch,
illustrating differing densities of honeycombs
on the forehand and backhand side of the
paddle.

Concept sketch: Dual-property paddle
● Front and back have different properties
when striking the ball
○ Front-power/maintain ball velocity,
intended for forehand use
○ Back-force attenuation, intended
for backhand use (where most
injury occurs)
● Attenuation: micro-bearings
○ Secured in chambers, only
released for backhand strikes
● Velocity: carbon fiber face/ micro-bearings
● Force cancellation/weight distribution:
weight distributed around edges to
increase moment of inertia
Development: Backhand stroke subjects players
to greater risk of injury due to biomechanics, so
maintain power in forehand but attenuate force in
backhand to reduce risk of injury. Paddle is
designed to be “unidirectional” - only held in one
orientation.

Dual Core Paddle concept sketch, illustrating
a paddle with a honeycomb pattern designed
to maximize the sweet spot and how much
area of the paddle face absorbs impact well.

Concept sketch: Dual core
● Attenuate: sponge-like handle
● Velocity: graphite surface
● Sweet spot: dual core with short handle
● Weight distribution: distributed around
edge
Development: The dual core and the graphite
surface allows the paddle to keep its power when
hitting the ball and maximizing the sweet spot.
The sponge/thick wrapped handle helps to absorb
the force and the weight distribution reduces

rotation on impact.

Spin Reducing Paddle, designed to reduce
unwanted spin on the paddle using a high
moment of inertia.

Concept sketch: Gyroscope, spin-reducing paddle
● Attenuate: sponge-like handle
● Conserving momentum: gyroscope
maintains angular momentum by
continuously spinning
● Max sweet spot: skinny paddle
● Weight distribution: around edges to
increase moment of inertia and prevent
rotation
Development: This paddle will minimize unwanted
rotation when hitting the ball. This rotation is one
of the larger factors in causing wrist, elbow, or
shoulder injuries.

Concept Evaluation
We compared these 3 concept sketches to a product that is already on the market, the
ProKennex paddle. This paddle utilizes micro-bearings to increase force absorbed by the
paddle rather than the user’s arm. We compared this paddle to our concepts for each issue
(criteria) our paddle has to meet. We do not have any physical prototypes for our concepts, so
we judged them on how they would compare to existing products using research and our
intellect. For each issue, we ranked our concepts better (1) worse (-1) or equal (0). Each team
member completed a pugh chart on their own before averaging scores to form the pugh chart
found in Table 7. Our individual Pugh chart selections can be found in Appendix D. We
averaged our individual choices in the combined pugh chart. From our finalized pugh chart, we
selected the dual property paddle as our best concept. This concept scored the highest
weighted total row, which is our best estimate of how a paddle will meet our requirements. The

paddle also scored the best in the most important categories, reduction in discomfort and
prevention of further injury. Because this paddle was our best option, we decided to move ahead
with this concept.

Table 7. Pugh Chart showing combined evaluation of concepts
Issue: Choose a paddle structure to model

Baseline
Dual
Importance (ProKennex) Property

Dual Core

Gyroscope

Reduces pain/discomfort while playing

25

1.00

1.00

0.33

Prevents further injury

25

1.00

0.33

0.67

Meets USAPA design requirements
(USA Pickleball Association)

15

0.33

0.33

0.00

Maintains customer performance satisfaction

20

0.67

1.00

1.00

Good durability

10

0.67

0.67

0.67

Good price point

5

ProKennex

0.00

0.33

-1.00

Total

-

3.67

3.67

1.67

Weighted
Total

-

75

66.67

46.67

Conceptual Model
SolidWorks Dual Property Model
We made two conceptual models for our pickleball paddle. The first conceptual model was a
SolidWorks CAD model of the inner framework of the paddle. We selected our Dual Core
concept to model. This concept consists of two differently sized honeycomb patterns on different
sides of the paddle. These different honeycomb patterns will result in different surface
deflections for each side of the paddle. One side will be stiffer while the opposite side will be
more flexible. This difference will reduce the joint reaction forces at the elbow and wrist as well
as reducing force on the extensor carpi radialis brevis. These forces are maximized during wrist
extension and radial deviation, the motions most prevalent during a player’s backhand. For this
reason, the force reducing side should be used primarily as the backhand side. The forehand
side will absorb less force and better preserve velocity of the pickleball. We predicted that the
more dense honeycomb structure will result in less force absorption and therefore should be
used on the forehand side. We predicted the force reducing side to be the one with a less dense
honeycomb structure, and therefore should be used on the backhand side, where the arm is
more at risk for injury. Figures 2 and 3 display the design concepts in different views.

Figure 2. Honeycomb Structure SolidWorks design, less dense (left, light grey) and more dense
(right, dark grey)

Figure 3. Side Profile of Dual Core Paddle SolidWorks Design

Although this model was not used to perform any analysis, development highlighted the difficulty
of designing honeycomb on SolidWorks. We initially built individual honeycombs at about half
the size of the current design, but that complex of a pattern caused SolidWorks to freeze. This
forced us to use a larger honeycomb pattern in our design in order to keep the program running.
We were still able to design our dual core paddle but with larger honeycomb patterns. A
traditional honeycomb core used in a pickleball paddle has a 4.8 mm cell, referring to the length
of each side, which is about 0.189 inches. Our cells were .71 inches and 1.65 inches, shown in
Figure 4. Clearly the cells we had to use were significantly larger because of the constraints of
SolidWorks.

Figure 4. Sketch with Dimensions of Dual Core Paddle SolidWorks Design
MATLAB Force Model
The second model developed was intended to analyze the effect of the location of the center of
mass of the paddle on muscle activation and joint forces. MATLAB was used to conduct a
structural analysis of wrist extension and radial deviation, because these motions are the
function of the extensor carpi radialis brevis (ECRB), which is the primary muscle impacted in
patients with tennis elbow injury. The analysis was broken into two separate simulations, one for
extension and one for deviation, each modeled in 2D. Both simulations were modeling the hand
and arm as rigid bodies in a static situation with loading applied. Equilibrium equations were
applied based on the sum of forces, moments, physiological maximums, and physiological
minimums. Additional muscles involved in the movements were included for completeness, and
muscle force and joint reaction force were calculated over the range of motion. Typical
anthropometric data was estimated based on published literature. Several assumptions were
made in order to conduct the model. Researched values and assumptions are listed in Appendix

E, and further information regarding the mathematics and theory behind the model may be
produced upon request.
Data was collected for the force experienced in the ECRB and the wrist joint over the two
different ranges of motion. Based on the nature of the muscular anatomy, models including the
elbow joint forces would not be accurate, as elbow structural simulations require muscle origins
on the humerus. However, forces on the wrist translate to the elbow and shoulder by nature of
connected bodily segments. The vertical location of the center of mass on the paddle was
varied, and different impacts based on ball velocity were explored. Analysis was conducted
visually, where trends were observed in order to better inform design decisions.
Based on the model, when a player is simply holding a paddle without striking a ball, both
muscle forces and joint forces increase as the vertical location of the center of mass of the
paddle trends upward. Forces are greatest from 0 to 30 degrees of extension. With increased
center of mass, the average muscle force increased from 2.3 N to 3.7 N to 5.1 N, and the
average joint force increased from 12.6 N to 20.2 N to 28.8 N. These averages are much larger
in the critical range of motion, up to 30 degrees. Figure 5 displays this data.

Figure 5. Force in ECRB (top) and wrist (bottom) over the range of extension without ball impact
When the impact of a ball is factored into the model, the reaction forces increase by a factor of
nearly 10, and the difference in location of center of mass does not create a significant
difference. Therefore, for the motion of extension, the center of mass only presents a significant
difference in low velocity situations. In high velocity situations, the force created by the impact is
much larger than the effect of the center of mass. Sample joint force data is displayed in Figure
6.

Figure 6: Force in joint over the range of extension with ball impact
For the motion of radial deviation, the impact from the ball and moment caused by the center of
mass of the paddle are out of plane of the 2D problem and therefore do not impact the model.
Joint force and muscle stress tend to increase over the range of motion, as displayed in Figure
7.

Figure 7. Forces over range of radial deviation
The most valuable information from the MATLAB model was that a higher center of mass in the
paddle produces greater muscle and joint forces in the arm. However, when striking the ball, the
impact of the ball is so large that the location of the center of mass becomes small in
comparison. Although much smaller, this information informed us that a lower center of mass

may be more beneficial to reducing forces experienced by the user. In situations of cyclic
loading and fatigue, such as pickleball play, even small forces add up in the long run. In
addition, forces experienced are typically greater at the beginning of extension and at the end of
deviation, so active technology, if implemented in the design, should aim to mitigate the forces
at these points in the player’s swing.
It should be noted that the MATLAB model makes several assumptions and may not provide
accurate magnitudes, however, for the purpose of analyzing trends and better understanding
the mechanics of the motion, the model is sufficient and we are confident in the information it
provided to help guide future design decisions.

Preliminary Testing
Current manufacturable and adequately performing materials for paddles include polypropylene,
aluminum, and nomex for the core, and graphite or carbon fiber for the face. We obtained
honeycomb samples to conduct preliminary testing to make educated material decisions. To test
the material samples, the sample material was placed on the ground next to a meter stick. The
phone was set up on the ground to record the ball drop on the sample piece. The ball was
dropped from the same spot every turn and the camera was kept in the same position. The
phone recorded the ball drop and the video was used after to analyze the peak height of the
ball. Using the height of the ball, the exit velocity was found using the basic kinematic equation
2

𝑣 = 𝑣0

2

+ 2𝑎∆𝑥 . This equation was rearranged to be 𝑣 = 2𝑎∆𝑥, where 𝑣 is the exit velocity,
2

𝑎 is acceleration (9.81 𝑚/𝑠 ), and ∆𝑥 is the max exit height. The process was repeated for thin
nomex honeycomb, thick nomex, and thick aluminum all with a carbon fiber face and a
polypropylene honeycomb with a graphite face. It was also repeated for all combinations of 2 on
top of each other. A higher velocity resulted in a lower energy loss, and a lower energy loss
means that more force was absorbed. Materials testing revealed that thicker materials, graphite
face, and aluminum honeycomb absorb force the best, and thinner materials, carbon fiber face,
and polypropylene honeycomb preserve velocity adequately. Summary of test results are
displayed in Appendix F.

Detailed Design
The final design was a modification of the previously proposed conceptual design and first
prototype. The final paddle design consisted of two distinct sides with different properties, where
the backhand side was designed to absorb force, and the forehand side was designed to
maintain peak power and control during play. The biomechanics of the backhand stroke creates
greater risk for injury, so this side was the target for force reduction. The backhand side
consisted of an aluminum honeycomb core and graphite face, and the forehand side consisted
of a nomex honeycomb core and carbon fiber face. The two sides were adhered together in the

middle of the paddle. The first iteration of the prototype used Gorilla Glue Gel to adhere the
materials together, however the glue was too brittle and did not adhere well. The paddle lacked
the “pop” of a traditional pickleball paddle, making the paddle feel dead during play. The paddle
was deconstructed and the second interaction used an epoxy-resin to adhere the materials
together. This adhered the materials better, however, it added a significant amount of weight to
the paddle. A rounded octagon-shaped wood handle encased the handle portion of the paddle.
Typical wood for paddles includes basswood or balsa wood, so the wood handle was a
significant contributor to the weight of the paddle since we chose a generic douglas fir. Because
the weight was an important consideration, different wood is recommended in future
manufacturing to meet the desired mid-weight range (approximately 7.3 to 8.3 oz). Weight was
not a required specification, just as thickness was not, because there were not required ranges
and therefore there were not specified bounds. If this optional requirement had been met, it
would have contributed positively to the potential to reduce joint forces, however, the parameter
was not critical. This was not something that could’ve been explored prior to prototyping,
because the actual weight of the handle and paddle faces will vary after manufacturing. Grip
tape was applied as finishing touches but was not included in the detailed design, as these are
typically chosen based on player preference. The edgeguard was included in the design to
display the finished face, but the grip tape was not and was applied later. Figure 8 displays the
basic design for the paddle, and further detail with dimensions is available in Appendix G.

Figure 8. Basic Paddle Design
Paddle height, paddle width, handle length, and rounded dimensions were based on industry
standard sizes, shown in Figure 9. The designed paddle had to be sufficient for a variety of
different players to use, so standard sizing with modification of material and internal design was
key to preserving versatility. The internal and face design varied from traditional design such

that multiple materials of multiple thicknesses are utilized. The honeycomb core remained a
standard size based on the material supplier, and overall thickness was targeted at 0.5”.
Thickness was not a critical specification. Additional detailed dimensioning is available in
Appendix G. Cost estimation is included in the manufacturing plans below.

Figure 9: Dimensioned Design

Prototype Manufacturing Instructions
Our manufacturing plan was to purchase 1 sheet of each material: nomex honeycomb, carbon
fiber face, aluminum honeycomb, graphite face. The sheets were cut into the shape of the
paddle using a WaterJet for carbon fiber, aluminum honeycomb, and graphite. The nomex was
cut using an X-acto knife. The handle required woodworking, otherwise the remainder of
construction was simple assembly using adhesives.
We purchased the 4 sheets from varying companies and purchased the wood and other
miscellaneous items. Based on the bill of materials in Table 8, the estimated total cost of
manufacturing for one prototype paddle was $251.97. Because of the limit on materials, we had
to purchase material sheets larger than necessary, so multiple paddles could be made with
these supplies. The bill of materials is listed in Table 8 and Figure 10 is a flow chart of the steps
of the manufacturing process.

Prototype Manufacturing Steps:
1. Use Machine shop to create handle (see Appendix G for design) from wood (5)
Substeps:
i.
Cut 2 x 4 to 2 x 4 x 5.1” using table saw
ii.
Cut 2 x 4 x 5.1” to 2 x 2.5 x 5.1” using table saw
iii.
Cut narrowed grip edges and a through slot into the 2 x 2.5 x 5.1” using a
bandsaw. This will result in 2 separate pieces.
iv.
Sand handle to remove sharp edges, rough surfaces, and round the
handle face.
2. Use Water jet to cut carbon fiber (2), graphite(4), and aluminum (3) to paddle shape (see
Appendix G)
Substeps:
i.
Export drawing to dxf file
ii.
Add parts to equipment cue
3. Use X-acto knife to cut nomex (1) to paddle shape
4. Adhere cut graphite panel to cut aluminum honeycomb
5. Adhere cut carbon fiber to cut nomex honeycomb
6. Adhere the aluminum side (step 4) to the nomex side (step 5)
7. Apply edge guard around sides of sample paddle (step 6)
8. Place and adhere sample paddle (step 7) between the handle pieces (step 1)
9. Wrap handle with grip tape (7)

Figure 10: Manufacturing Steps

Table 8: Bill of Materials
BOM Number

Item

Quantity

Vendor

Part Number

Nomex
Honeycomb

1

1

ACP
Composites

CR-NH-0.250-37

2

Carbon Fiber
Face

1

Ebay

402367986850

3

Aluminum
Honeycomb

1

Ebay

283301134376

4

Graphite Face

1

Ebay

255229569555

5

Wooden Handle

1

Self Made

N/A

6

Edge Guard

1

PROLITE

B07YGW7HGX

7

Grip Tape

1

GammaSports

APBHG

Test Protocols
Test Plan Summary
Our testing consisted of 3 parts to address each performance metric listed in the product
specifications. The first part consisted of a series of tests to ensure all the USAPA paddle
requirements were met, the second part consisted of a variety of tests to address sponsor
requirements, and the third part was conducted using the Human Motion Biomechanics Lab to
test if the paddle prototype reduced joint forces. A summary of performance metrics, targets and
tolerances, and the basic test plan descriptions, are included in Table 9. Detailed design of
experiments, protocols, and further information is available in subsequent sections.

Test Failure Plan
If any section of our testing failed, we had plans to change our design in order to pass these
tests. Part 1 of our testing consisted of testing against USAPA paddle requirements. If our
paddle did not pass the requirements of surface roughness, paddle length, paddle length and
width, reflectiveness or decal size, we would have made minor adjustments to our paddle in
order to pass the requirements. These minor adjustments would have consisted of subtractive
machining, and/or applying a coating to or sanding the paddle surface. If these modifications
were not plausible or time permitting and remained low or moderate risk, we would make future
recommendations based on test results. Part 2 of our testing addressed sponsor requirements,
such as cost, fatigue and customer satisfaction. If we failed our cost requirement, we would
have needed to look for more manufacturers and request quotes until we passed this
requirement. If we failed the fatigue test or customer satisfaction test, we would have needed to
research more materials to be used in our paddle and possibly redesign our paddle. Part 3 of

our testing is our Human Motion Biomechanics test. If we failed to pass this test, we would have
needed to redesign our paddle, with new materials or a new concept.
Table 9. Test Plan Specification Summary
Performance Metric

Target and Tolerance

Test Plan

USAPA Manufacturer Requirements
Paddle face surface roughness

less than than 30 µm

Surface roughness test

Paddle length

less than 17 inches

Linear measurement

Combined paddle length and width

less than 24 inches

Linear measurement

Paddle face deflection

not to exceed 0.005 inches

Deflection test

Decals and tape

extend no further than 1.0 inch

Linear measurement

Surface reflectiveness

no greater than 80 GU

Glossometer test

Sponsor Requirements
Manufacturing cost

$30 + $6

Manufacturer quote

Fatigue test

equal to or greater than standard
paddle ± 20%

Fatigue Test

Customer Survey

Equivalent or Higher customer
satisfaction

Customer survey

Joint Force Reduction Requirement
Forces on joints

20% less than standard paddle

Biomechanics Lab testing

Linear Measurement Tests (Length, Length+Width, Decal)
For all linear measurements taken on our paddle, a formal DOE was not required. We
performed a “Go No-Go” test for each of these measurements as described in the protocol
below. If our data fell within the acceptable specification range, it passed and if it fell outside of
this range, it failed. Our expected response was passing for all linear measurements, as these
specifications were built into the paddle design. There was one experimental group, which was
the single prototype.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Tape Measure
● Prototype Paddle
● Claire, Kaley, Nick
● Campus lab space (192-330)
● No training required
● Data sheet (Appendix H)

Protocol:
1. Acclimate the paddle in the area of testing for a period of 24 hours at ambient
temperature and humidity defined as 75 – 80 °F and 50% humidity (± 20%) prior to
testing. Record temperature and humidity readings at the beginning and end of the
acclimation period.
2. Utilizing a tape measure or ruler, in inches, measure each desired dimension (length,
width, decal size) and record data. Ensure the paddle is placed on a flat surface for
measurement. Refer to Figure 11 for length and width measurement points.
a. For the length measurement, the measurement will include any edge guard and
the butt cap (end of handle).
b. For the width measurement, the measurement will include any edge guard.
c. Repeat the measurement using the same equipment for each team member, for
a sample size of n=3.
3. Calculate the percent difference between each measurement and the recorded mean. If
the percent difference between any two measurements is greater than 10%, complete
step 4. If it is not, skip step 4 and proceed to step 5.
4. Only complete step 4 if a percent difference in step 3 is greater than 10%. For each team
member, repeat the measurement in step 2 twice (for a total of 3 measurements per
person).
5. Average all measurements to produce the final measurement and record.
6. Compare final measurement to specification in Table 9, determine pass/fail, and record.

Figure 11. Length and width measurement points

Surface Roughness Test
For the surface roughness test, a formal DOE was not required. We performed a “Go No-Go”
test for this measurement as described in the protocol below. If our data fell within the
acceptable specification range, it passed and if it fell outside of this range, it failed. Our
expected response was passing, as all materials have a smooth finish. There was one
experimental group, which was the single prototype.

Equipment/Supplies/Personnel/Lab Space/Training Required:
● Profilometer
● Prototype Paddle
● Claire, Kaley, Nick
● Dr. Mayer (trained personnel)
● Campus microfab lab
● Any required microfab lab training
● Data sheet (Appendix H)
Protocol:
1. Acclimate the paddle in the area of testing for a period of 24 hours at ambient
temperature and humidity defined as 75 – 80 °F and 50% humidity (± 20%) prior to
testing. Record temperature and humidity readings at the beginning and end of the
acclimation period.
2. Utilizing the profilometer and trained personnel, take 4 depth measurements
(approximately top right corner, top left corner, bottom right corner, bottom left corner)
and record data. Ensure the sample is placed on a flat surface for measurement.
3. Average all measurements to produce the final measurement and record.
4. Compare final measurement to specification in Table 9 and determine pass/fail and
record.

Deflection Test
For the deflection test on our paddle, a formal DOE was not required. We performed a “Go
No-Go” test for this measurement as described in the protocol below. If our data fell within the
acceptable specification range, it passed and if it fell outside of this range, it failed. Our
expected response was passing for the deflection measurements, as these specifications were
built into the paddle design. There was one experimental group, which was the single prototype.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Deflection Gauge (Deflectometer)
● Prototype Paddle
● Claire, Kaley, Nick
● Jack (trained personnel)
● Campus lab space (38-133)
● No training required
● Data sheet (Appendix H)
Protocol:
1. Acclimate the paddle in the area of testing for a period of 24 hours at ambient
temperature and humidity defined as 75 – 80 °F and 50% humidity (± 20%) prior to
testing. Record temperature and humidity readings at the beginning and end of the
acclimation period.

2. Utilizing the deflection gauge, in inches, measure the deflection at 3 points with 3 kg or
5kg parallel block weights and record data. Ensure the paddle is placed on a flat surface
for measurement. Refer to Figure 12 for the location of the parallel block weights as well
as the location where deflection measurement should be made from. Once
measurements are made on one side, flip the paddle then repeat step 2.
4. Average all measurements to produce the final measurement and record.
5. Compare final measurement to specification in Table 9 and determine pass/fail and
record.

Figure 12. Deflection Test

Reflection Test
A formal DOE was not required for the reflection test. We performed a “Go No-Go” test for this
measurement as described in the protocol below. If our data fell within the acceptable
specification range, it passed and if it fell outside of this range, it failed. Based on the material
finishes of the purchased material, it was expected this test fell far below the specification limit,
so a rough estimate will suffice. There was one experimental group, which was the single
prototype.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Paint glossometer samples
● Prototype Paddle
● Claire, Kaley, Nick
● Campus lab space (192-330)
● No training required
● Data sheet (Appendix H)
Protocol:

1. Acclimate the paddle in the area of testing for a period of 24 hours at ambient
temperature and humidity defined as 75 – 80 °F and 50% humidity (± 20%) prior to
testing. Record temperature and humidity readings at the beginning and end of the
acclimation period.
2. Utilizing the glossometer sample, visually rate the gloss range of both sides of the
prototype paddle. Record the data.
a. Repeat the measurement using the same sample for each team member, for a
sample size of n=3.
3. If ratings between team members differ by more than 2 ranges, complete step 4. If they
do not, skip step 4 and proceed to step 5.
4. Only complete step 4 if ratings between team members differ by more than 2 ranges. For
each team member, repeat the rating in step 2 twice (for a total of 3 measurements per
person).
5. Average all ratings to produce the final rating and record.
6. Compare final rating to specification in Table 9, determine pass/fail, and record.

Manufacturing Cost Test
A formal DOE was not required for the manufacturing cost test. We performed an overall “Go
No-Go” test based on the quote for one paddle from Xiamen Juqiao Composite Technology Co
(n=1). Although we did not work with this manufacturer to create our prototype, we had been in
contact with a potential manufacturer for our prototype. If our quote fell within the acceptable
specification range, it passed and if it fell outside of this range, it failed. Our expected response
was passing for the manufacturing cost. There was no equipment or protocol necessary for this
test.

Fatigue Test
A formal DOE was not required for the fatigue test. We performed an overall “Go No-Go” test
based on a sample size of n=50 to account for the central limit theorem and the typical amount
of strokes for a game. There was one experimental group, which was the single prototype. A
simple linear regression was taken from the data, and the slope of the regression line had to be
greater than -0.2 to preserve the performance of the paddle and pass this test. The -0.2 slope
corresponded to the equal to or greater than standard paddle ± 20% in the test plan table.
Based on durability of current paddles and similarity of material selection, this test was expected
to remain very consistent and pass with a wide margin of error.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Yardstick
● Slow motion camera (phone suffices)
● Prototype Paddle
● Pickleball
● Claire, Kaley, Nick
● Campus lab space (192-330 or Bonderson)
● No training required

●

Data sheet (Appendix H)

Protocol:
1. Secure yardstick to wall and camera in immobile position with full yardstick in camera
view. Place the paddle in view of the camera. Do not move these three components
through the duration of the experiment.
2. Determine a starting height and designated drop person, and keep these consistent
through the duration of the experiment. Mark the starting height if necessary.
3. While recording, drop the ball from the starting height to the face of the pickleball paddle
50 consecutive times.
a. If a hit rebounds at an angle, redo the single measurement.
4. Using the video, determine the max exit height of the ball for each drop.
5. Input the data from the camera into Excel and conduct a simple regression analysis.
6. If the slope of the regression line is less than -0.2, the test fails, otherwise the test
passes.

Customer Survey Test
For the customer survey, a formal DOE was not required. We gathered feedback from players
after using a currently marketed paddle versus the newly designed paddle. This survey focused
on paddle comfort, performance, and satisfaction of both the paddles that the players used. We
received feedback from 10 players, aged 18-99. We expected the new paddle to have better
feedback than the old paddle. Questions can be seen in Appendix I. Results from the survey
were analyzed using visual chart/graphic aids. Detailed IRB protocol can be found in Appendix
J.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Prototype Paddle
● Normal Paddle
● Claire, Kaley, Nick
● Participants in Survey
● EA French Park
● No training required
● Google Form Survey
● PARQ Form
● Consent Form
Protocol:
1. Explain test and have participants fill out forms necessary (PARQ and Consent)
a. Sample size: n=10
2. When consent is received, participant will flip a coin to determine which paddle to begin
with
a. Heads = Paddle A (Normal Paddle)
b. Tails = Paddle B (New Paddle)
3. Participant will engage in regular game play for 7 minutes

4. Participants will switch to other paddle and engage in regular game play for 7 minutes
5. After 14 minutes of playing, participants will be asked complete survey via the Google
form
6. Survey results will be post processed using Excel.
a. A graph will be used for each question to compare each paddle.

Joint Force Test
For the joint force test, a formal DOE was not required. After testing in the HMB lab, we
performed a series of paired t-tests comparing the following factors: forehand, backhand, and
paddles. The sample size was 5 participants, who performed 4 different swings (forehand
ground, backhand ground, forehand volley, backhand volley) 5 times each, for each paddle.
There were 2 experimental groups in this experiment: Paddle A (normal paddle) and Paddle B
(new paddle). It was expected that Paddle B shows a 20% reduction in joint forces compared to
Paddle A. Data was post-processed using PitchTrak to perform standard-scaled inverse
dynamics to calculate different biomechanical variables for the elbow and shoulder joints
including angles and joint loads. Peak kinematic/kinetic values were recorded for the ball hit with
usable data for each stroke type (i.e., some data may have been lost e.g. due to markers/EMG
sensors falling off during a stroke). Statistical analyses were focused on investigating
correlations between peak values of various elbow and shoulder joint biomechanical variables
and forehand/backhand swinging motions. T-tests were used to compare Paddle A and B,
Paddle B backhand vs forehand, and subsequent tests.
Equipment/Supplies/Personnel/Lab Space/Training Required:
● Prototype Paddle
● Normal Paddle
● Claire, Kaley, Nick
● Sarah, Kendall, Mike (HMB Lab Students/trained personnel)
● Participants
● Cal Poly HMB Lab
● No training required
● PARQ Form
● Consent Form
● Photographic Image Release Form
● Injury Questionnaire
Detailed IRB protocol can be found in Appendix K.
Prior to testing, reflective tape was placed on the outside of the pickleball, such that the ball
showed up as a marker on the motion tracking software. As a marker, acceleration of the ball
can be measured by the HMB lab.
Protocol:
1. Before the testing begins, the participant will sign a series of forms: PARQ, Photographic
Image Release Agreement Forms, Consent Form, and Injury Questionnaire.

2.
3.
4.

5.
6.
7.
8.

a. Testing will be conducted on adults ages 19-24 (n=5) that are Cal Poly students
with some experience playing pickleball.
Participants will prepare for testing by completing a warm up regimen, changing into
compression clothing, and having markers and sensors attached to the necessary spots.
Participant will perform 20 warm-up swings (10 at forehand, and then 10 backhand)
Following the warmup, participants will perform 5 swings of each motion which data will
be recorded
a. Forehand ground, backhand ground, forehand volley, backhand volley
Data will be recorded in Cortex and kinematic and kinetic outputs will be processed
using PitchTrak software.
Steps 1-5 will be repeated for each participant
Data will be post-processed using PitchTrak to calculate different biomechanical
variables for the elbow and shoulder joints including angles and joint loads.
Use a paired t-test on Minitab to compare these values from Paddle A and B, Paddle B
backhand vs forehand, etc.

Testing Data and Analysis
USAPA Testing
The USAPA testing consisted of simple pass/fail measurements of the paddle. The results of the
tests can be found in Table 10 and the detailed results can be found in Appendix L.
Table 10. USAPA Testing Results
Test

Measurement

Criteria

Pass or Fail

Length

15.84 in

< 17 in

Pass

Length + Width

23.72 in

< 24 in

Pass

Decal Size

0 in

< 1 in

Pass

Carbon Fiber
Reflection

85 GU

< 80 GU

Fail

Graphite Reflection

70 GU

< 80 GU

Pass

Carbon Fiber Surface
Roughness

1.33 um

< 30 um

Pass

Graphite Surface
Roughness

6.15 um

< 30 um

Pass

Surface Deflection

0.0034 in

< 0.005 in

Pass

All of the tests passed the requirements, except for the carbon fiber reflection test. The carbon
fiber we selected had too high of a glossometer rating. Since this is just a prototype, we did not
change the material but for future manufacturing, we advised selection of a less glossy carbon
fiber or applying a coating so the surface meets the reflection requirement. This requirement
was low risk and did not impact the performance of the paddle.
The remainder of the tests passed by following the protocols specified in the Test Protocols
section. Detailed data is included in Appendix L.

HMB Lab Testing
The HMB Lab testing was completed to determine joint reaction forces during play. Cortex
software was used to analyze the biomechanics of four strokes: forehand and backhand
groundstrokes and volleys. Approximately 40 markers were placed on each participant, 2 were
placed on the paddle, and the ball was wrapped in reflective tape. The software uses the
reflections of markers to track specified anatomical locations to perform calculations. The
location of these markers are shown in Figure 13.

Figure 13. Marker Placement
Representations of the ball, paddle, and anatomical markers of the human subject in Cortex are
displayed in Figure 14, which correspond to the human motion in Figure 15.

Figure 14. Cortex View (Left: Front View, Right: Side View)

Figure 15. Human View
The target for our prototype was to reduce joint forces by 20% in comparison to a standard
paddle. Elbow and shoulder forces were analyzed, however, the elbow forces in all participants
remained consistent through the duration of a swing, indicating elbow forces are not affected by
the impact of a ball or swing of the paddle. Therefore, shoulder forces were the focus of the
analysis.

The purpose of the Dual Property Paddle is to preserve performance on the forehand swings
and reduce forces in the backhand swings to reduce strain and prevent injury in the ECRB. The
prototype achieves the force reduction goal by displaying a statistically significant reduction in
shoulder force between a standard paddle and the prototype for combined backhand strokes (p
value of 0.023). Furthermore, the prototype preserves forehand performance by displaying no
significant differences between a standard paddle and the prototype for combined forehand
strokes (p value of 0.678). Additionally, overall, backhand strokes produced lower forces than
forehand strokes in the prototype paddle. Combined, these results demonstrate preservation in
the forehand side and force reduction in the backhand side, just as the design intended.
In addition, the prototyped paddle produced a 29%, 30%, and 37% reduction in forces in
comparison to a standard paddle, for the lower backhand, backhand volley, and forehand volley
strokes, respectively. There was a 12% increase for the lower forehand stroke, however, team
members noted significant technique differences between players for this stroke, which may
explain the difference. Force reduction in the backhand strokes is the key to injury prevention,
so the statistical indications of reduction in this stroke indicates the paddle functions as intended
and reduces joint forces during play. Summary of average shoulder forces for each stroke and
overall testing criteria is included in Table 11 and raw data is included in Appendix M.
Table 11. HMB Testing Results
Test

Measurements

Force
Reduction

Force
Reduction
Statistical
Analysis
(Paired T)

Criteria

Pass/Fail

Standard Paddle
Shoulder Force (N)

Prototype Paddle
Shoulder Force (N)

Percent
Difference

Lower
Backhand

40.3

28.5

-29%

-20%

Pass

Lower
Forehand

29.4

33.0

12%

Nominal

Pass

Volley
Backhand

24.3

15.2

-37%

-20%

Pass

Volley
Forehand

23.1

16.3

-30%

Nominal

Pass

Standard Paddle Backhand Forces vs Prototype
Backhand Forces

p=0.023

p<0.05

Pass

Standard Paddle Forehand Forces vs Prototype
Forehand Forces

p=0.678

p>0.05

Pass

Sponsor Testing
Our sponsor testing consisted of three parts: manufacturing cost, fatigue test, and a customer
survey. Results from the manufacturing cost and fatigue test are summarized in Table 12.
Table 12. Sponsor Testing
Test

Measurement

Criteria

Pass/Fail

Manufacturing Cost

$22

$30 - $36

Pass

Carbon Fiber Fatigue

> -0.2 slope

-0.015

Pass

Graphite Fatigue

> -0.2 slope

-0.005

Pass

Figure 16 and Figure 17 display the regression of the fatigue test for the carbon fiber and
graphite face. Both tests maintained a regression slope of greater than the specified criteria of
-0.2.

Figure 16. Fatigue Test Regression Analysis for Carbon Fiber Face

Figure 17. Fatigue Test Regression Analysis for Graphite Face
The next part of sponsor testing consisted of a customer survey with 10 participants. The
customer survey was conducted at a local pickleball park with a variety of pickleball skill levels
ranging from beginner to advanced. Paddle A was a standard paddle and Paddle B was our
Dual Property paddle. Questions asked participants to rank different criteria of the paddle on a
scale from 1-10. Table 13 shows the criteria on the left column and the average score for each
paddle.
Table 13: Customer Survey Results Averages
Paddle A Paddle B

Equivalent or Higher
customer satisfaction

Power

8

5.2

Fail

Control

7.6

5.9

Fail

Consistent

8.2

5.6

Fail

Grip

7.8

5.6

Fail

The customers were also asked a series of questions about the weight of Paddle A and B.
Results to these questions are displayed in Figure 18.

Figure 18: Paddle Weight Results
The overall consensus from the customer survey was that all of the participants felt a significant
difference between Paddle A and Paddle B and 90% of them preferred Paddle A, while 10%
had no preference. The average ranking for each paddle in the different criteria shows an
overall preference and higher ranking of Paddle A. The weight results showed that participants
felt Paddle A was the perfect weight, while Paddle B was too heavy. The main feedback we
received from all the participants verbally was that the paddle was too heavy and the handle
was too large. We believe that the weight of the Paddle B was the main reason that customers
overall ranked Paddle A higher than Paddle B.
These results and feedback weren’t unexpected because of the limitations with material and
manufacturing availability. Paddle A weighs 7.8 ounces, which is average for a traditional
paddle, while Paddle B, the Dual Property Paddle, weighs 12.4 ounces. Most of the excessive
weight of Paddle B was due to the face material, adhesion method, and the handle material we
had available. Future considerations and recommendations to solve these problems are
discussed in the Discussion and Conclusion section, but the team predicts access to better
manufacturing techniques will solve the weight and adhesion observations, producing better
survey results.

Instructions for Use
Step 1: Grip handle in correct orientation. The forehand side is labeled “F,” and the backhand
side is labeled “B.” The forehand side should be oriented in the same direction as the palm of
the dominant playing hand. See Figure 19.

Figure 19: Correct Orientation of Paddle
Step 2: Hit the ball with the paddle face and play pickleball. Proper technique/training is advised
(but not included in the instructions for use of this paddle).

Discussion and Conclusion
The overall goal of this project was to create a new pickleball paddle that reduces shoulder and
elbow pain. If joint forces on those joints can be reduced when hitting the pickleball with the
paddle, then pain and injury will be reduced.
Based on our HMB testing results, the paddle was successful in decreasing the force on the
backhand side and preserving the power on the front hand side, which was the most important
and highest-risk customer requirement. However, based on the customer survey results,
customers still preferred a traditional paddle over the Force Reduction (dual property) Paddle.
These results weren’t unexpected after material acquisition and manufacturing of the prototype.
The face materials were over double the thickness of a typical paddle, we did not have light
balsa wood available for the handle, and we did not have access to heat-vacuum adherence
manufacturing technology. The materials chosen and manufacturing processes were not
consistent with traditional pickleball paddles because of what was available to us and the
timeline we were given, which provided limitations to the project.
For the future, we recommend working with pickleball manufacturers. These manufacturers will
have access to better materials and manufacturing tools. For material selection, we recommend
selection of thinner face materials and a lower glossometer rating for the carbon fiber. We
selected face materials with thickness of 1/16”, which were thicker than necessary. The face

materials added a significant amount of weight to the paddle, so we recommend future use of
thinner face materials like 1/32” or less. We also recommend the use of lighter wood, like
basswood or balsa wood, for the handle to help decrease overall weight. Manufacturers also
have access to the correct manufacturing processes. Traditional pickleball paddles are adhered
using a heat and vacuum press to ensure the honeycomb is adhered well to the face material to
generate the “pop” felt when hitting a pickleball. The resin we used to adhere our materials
added weight and overtime began to break, making the paddle feel dead when hitting a
pickleball.
Since our paddle was successful in reducing forces in the arm, we believe that changing the
material thickness and manufacturing processes will decrease the weight of the paddle and
allow for an overall better paddle feel. These changes should result in better customer feedback
and experiences. With slight material modifications and access to more advanced
manufacturing techniques, we’re optimistic the Force Reduction Paddle is a viable technology
for injury prevention in pickleball.

Appendix
Appendix A: Customer Requirements
Adhere to USA Pickleball Association regulations
Remain in a competitive price range
Durable
Maintain high level of performance
Reduce joint forces/injury

Appendix B: Gantt Chart

Appendix C: Design Hazard Checklist
Team: Pickleball Paddle
Advisor: Britta Berg-Johansen
1. Will any part of the design create hazardous revolving, reciprocating, running, shearing,
punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar action, including pinch
points and sheer points? N
2. Can any part of the design undergo high accelerations/decelerations? Y
3. Will the system have any large moving masses or large forces? N
4. Will the system produce a projectile? Y
5. Would it be possible for the system to fall under gravity creating injury? Y
6. Will a user be exposed to overhanging weights as part of the design? N
7. Will the system have any sharp edges? N
8. Will any part of the electrical systems not be grounded? N
9. Will there be any large batteries or electrical voltage in the system above 40 V? N
10. Will there be any stored energy in the system such as batteries, flywheels, hanging weights
or pressurized fluids? N
11. Will there be any explosive or flammable liquids, gasses, or dust fuel as part of the system?
N
12. Will the user of the design be required to exert any abnormal effort or physical posture
during the use of the design? N
13. Will there be any materials known to be hazardous to humans involved in either the design
or the manufacturing of the design? N
14. Can the system generate high levels of noise? N
15. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, cold, high temperatures, etc? N
16. Is it possible for the system to be used in an unsafe manner? Y
17. Will there be any other potential hazards not listed above? If yes, please explain on reverse.
N
For any “Y” responses, add (1) a complete description, (2) a list of corrective actions to be
taken, and (3) date to be completed on the reverse side.
Description of Hazard

Planned Corrective
Action

Planned Date

Our paddle will be
swung by pickleball
players and may be
swung very quickly at a
high acceleration and
brought to rest at a high
acceleration

We will design our
paddle to remain fully in
the subject's hands. We
will do this by designing
grip tape with a high
friction coefficient and
by thoroughly testing
the durability of our
paddle so that it doesn’t
break during a swinging

1/19/2022

Actual

motion
Our system will
produce a projectile by
hitting a pickleball, this
is a goal of our product

The pickleball projectile
produced by our
system does not pose a
serious risk to anyone.
The production of this
projectile is also a goal
of our product, so we
will not need to address
this potential “hazard”

N/A

The pickleball paddle
can be dropped and
create mild injury by
falling on a user’s foot

We will design our
paddle to remain fully in
the subject’s hands. We
will do this by designing
grip tape with a high
friction coefficient.

1/19/2022

It is possible to use the
paddle in an unsafe
manner. The paddle
could be used as a
weapon (as a club or
thrown)

We will limit the ability
of our paddle to be
used as a weapon by
avoiding the creation of
sharp edges and by
using shock absorbent
edge guard tape. These
parameters should
minimize the risk of
injury coming from
using a paddle as a
weapon.

1/19/2022

Appendix D: Individual Pugh Charts
Claire
Issue: Choose a paddle structure to model

Baseline
Dual
Importance (ProKennex) Property Dual Core

Gyroscope

Reduces pain/discomfort while playing

25

1

1

1

Prevents further injury

25

1

1

1

Meets USAPA design requirements
(USA Pickleball Association)

15

0

0

0

Maintains customer performance satisfaction

20

1

1

1

Good durability

10

0

0

0

Good price point

5

0

0

-1

3

3

2

70

70

65

ProKennex

Total
Weighted
Total
Nick

Issue: Choose a paddle structure to model

Importance

Baseline

Dual
Proper
ty
Dual Core

Gyroscope

Reduces pain/discomfort while playing

25

1

1

-1

Prevents further injury

25

1

0

1

Meets USAPA design requirements
(USA Pickleball Association)

15

0

0

-1

Maintains customer performance satisfaction

20

0

1

1

Good durability

10

1

1

1

Good price point

5

0

0

-1

3

3

0

60

55

10

Total
Weighted Total

ProKennex

Kaley
Issue: Choose a paddle structure to model

Importance

Baseline
Dual
(ProKennex) Property Dual Core Gyroscope

Reduces pain/discomfort while playing

25

1

1

1

Prevents further injury

25

1

0

0

Meets USAPA design requirements
(USA Pickleball Association)

15

1

1

1

Maintains customer performance satisfaction

20

1

1

1

Good durability

10

1

1

1

Good price point

5

ProKennex

0

1

-1

Total

-

5

5

3

Weighted
Total

-

95

75

65

Appendix E: Researched Values and Assumptions for MATLAB Model
Data

Value

Based on Assumption or
Research

Explanation

Physiologic
cross-sectional area
(mm^2)

ECRL- 3.75
ECRB- 4.32
ECU-5.44
FCR-4.14

Research [11,12]

-

Distance from wrist to
insertion of muscles
(mm)

20 for all muscles

Both- value is based on
general anatomy, but
assumption is that distance
is equivalent for all muscles

All muscles insert into
the base of a
metacarpal (2-FCR &
ECRL,
3-ECRB,5-ECU), which
are at relatively the
same distance

Distance from elbow to
origin of muscles (mm)

ECRL-3
ECRB,ECU,FCR1

Assumption

All muscles but ECRL
insert directly into
lateral epicondyle of
humerus-ECRL is
slightly above

Range of motion

Extension- 71°
Deviation-19°

Research (internet)

-

Mass of paddle

7.8 oz

Research (internet)

Midweight paddles are
best for tennis elbow

Mass of hand

.388 kg

Research [13]

.575% of BW (67.5kg
for average person)

Length of hand

183 mm

Research [13]

General average

Mass of ball

.265 kg

Research (internet)

-

Fastest velocity of ball

40 mph

Research (internet)

-

Impact time of ball on
paddle

5 ms

Research (internet)

-

Acronym definitions:
ECRL - extensor carpi radialis longus
ECRB - extensor carpi radialis brevis
ECU - extensor carpi ulnaris
FCR - flexor carpi radialis

Appendix F: Summary of Test Samples Results

Day 1

Day 2

Material

Average Energy Loss

Thick on Thin

1.095504

Thin on Thick

1.2271198

Thin on
Aluminum

1.147491

Thick on
Aluminum

1.050577

Aluminum on
Thick

1.108107

Aluminum on
Thin

1.108224

Aluminum

1.082316

Thin Nomex

1.04414

Thick Nomex

1.069516

Aluminum
Honeycomb

2.04809

Thick Nomex

2.063736

Thin Nomex

2.247377

Polypropylene
Paddle

2.151785

Statistical Analysis Day 1

Grouping Information Using the Tukey Method and 95% Confidence
C1

N

Mean

thinnom

3

3.27315 A

thicknomonalum

3

3.26671 A

thicknom

3

3.24777 A

alum

3

3.23497 A

thickonthinnom

3

3.22179 A

alumthicknom

3

3.20918 A

B

alumthinnom

3

3.20907 A

B

thinnomonalum

3

3.1698 A

B

thinonthicknom

3

Means that do not share a letter are significantly different.

3.09017

Grouping

B

Appendix G: Assembly Drawings
Note the drawing represents a single honeycomb core, however due to manufacturing
restrictions from vendors, two separate cores will be adhered together to represent the modeled
paddle.

The
following drawings have been updated throughout the prototyping stage, as team members
determined the most feasible design physically.

Appendix H: Blank Data Sheet Template
Example: Linear Measurements:

Appendix I: Survey Questions
Pickleball Testing
Thank you for testing our pickleball paddle! Please answer these questions to the best of your
abilities
* Required
1. Which of these age ranges do you fall under? * Mark only one oval.
Under 18 18-30 30-40 40-50 50-60 60-70 Over 70
2. How would you describe your experience level with pickleball? * Mark only one oval.
Beginner (I've played pickleball a few times before) Moderate (I play pickleball from time to time)
Advanced (I play pickleball often)
Expert (I play pickleball all the time)
Pro (I eat sleep and live pickleball)
3. Have you had any previous shoulder or elbow injury? (If yes, please describe) *
4. Which paddle did you use first? * Mark only one oval.
Paddle A
Paddle B
5. Did you feel a difference between the paddles when using them? * Mark only one oval.
Significant Difference
Slight Difference
No Difference
6. Which paddle do you prefer? * Mark only one oval.
Paddle A
Paddle B
No Preference
7. Paddle A: How much power could you put on the ball? (1 is no power, 10 is way too much
power) *
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
No Power
Way Too Much Power
8. Paddle B: How much power could you put on the ball? (1 is no power, 10 is way too much
power) *
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
No Power
Way Too Much Power
9. Paddle A: How much control did you have on the ball? (1 is no control, 10 ultimate control) *

Mark only one oval.
1 2 3 4 5 6 7 8 9 10
No Control
Ultimate Control
10. Paddle B: How much control did you have on the ball? (1 is no control, 10 ultimate control)
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
No Control
Ultimate Control

11. Paddle A: How consistent did you find shots when using Paddle A? (1 is very inconsistent,
10 is extremely consistent)
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
Very Inconsistent
Extremely consistent
12.
Paddle B: How consistent did you find shots when using Paddle B? (1 is very inconsistent, 10 is
extremely consistent) *
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
Very Inconsistent
Extremely Consistent
13.Paddle A: How did you like the grip of the paddle in your hand (1 is terrible grip, 10 is great
grip) *
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
Terrible Grip
Great Grip
14.Paddle B: How did you like the grip of the paddle in your hand (1 is terrible grip, 10 is great
grip) *
Mark only one oval.
1 2 3 4 5 6 7 8 9 10
Terrible Grip
Great Grip
15. Paddle A: How did you like the weight of this paddle * Mark only one oval.
Way Too Heavy
Too Heavy
Perfect
Too Light
Way Too Light
16.Paddle B: How did you like the weight of this paddle * Mark only one oval.
Way Too Heavy
Too Heavy

Perfect
Too Light
Way Too Light
17.Paddle A: How did you feel about the size of Paddle A's "Sweet Spot" * Mark only one oval.
Large Medium Small Zero
18.Paddle B: How did you feel about the size of Paddle B's "Sweet Spot" * Mark only one oval.
Large Medium Small Zero
19.Paddle A: Did you feel any elbow or shoulder discomfort when using Paddle A * Mark only
one oval.
Yes, significant
Yes, mild
No
20.Paddle B: Did you feel any elbow or shoulder discomfort when using Paddle B * Mark only
one oval.
Yes, significant
Yes, mild
No

Appendix J: IRB Survey Protocol
Customer Survey during Pickleball Play
Cal Poly IRB Protocol
Cal Poly HSC Protocol
A. Investigators
A research project aimed at studying the effect of different pickleball paddles on customer
satisfaction of adult pickleball players is being conducted by Cal Poly students under the
supervision of Dr. Britta Berg-Johansen (bbergjoh@calpoly.edu) in the Biomedical Engineering
Department.
B. Background & Aims
The goal of this study is to evaluate how different pickleball paddle designs affect customer
satisfaction during pickleball play. This will help determine the quality of performance of our
prototyped design, which has the goal of minimizing joint reaction forces in the arm in order to
reduce the risk of injury. This prototype is part of a senior design course at Cal Poly.
The aim of this project will be to test our pickleball paddle prototype against standard paddles
and to determine if they maintain customer satisfaction during play. Results from this study may
improve evidence-based injury prevention paddles for adult pickleball players.
C. Methods
Participants
During the next 3 months, team members will conduct customer satisfaction surveys on
pickleball players (minimum n=10) aged 18-99 years old.
Inclusion Criteria
• Adults: age 18-99
• At least some experience playing pickleball
• English speaking
Exclusion Criteria
• history of recent (within 6 months) arm injury (e.g. tears of the UCL, medial epicondylitis,
lateral epicondylitis, rotator cuff, shoulder labrum, etc.)
• other musculoskeletal injuries that may affect pickleball swing biomechanics (e.g. arm, torso,
leg, foot injuries)
• cardiovascular or respiratory disease, or any other metabolic disease/complication
• major medical conditions that prohibit physical activity
Screening: Recruitment (~15 minutes)
Recruitment will begin via telephone, email, or face-to-face contact with local pickleball players.
To avoid concern over coercion, potential participants will be provided the advertisement and
consent forms in advance of their testing time, which include the inclusion and exclusion criteria.
If the potential participant wishes, they can email or set up a call to inquire further about the

study before the scheduled testing day. On the day of testing, potential participants will be asked
questions pertaining to age, medical history, and other questionnaire data (i.e. the Physical
Activity Readiness Questionnaire (“PAR-Q” form) to screen participants for their ability to
engage in exercise). Participants will be advised on proper attire (e.g. athletic clothing and
footwear).
Visit 1: Consent, Pickleball Experiment (~25 minutes)
1. Consent (~5 minutes)
Participants will be found the day of at E A French Park in San Luis Obispo or by previous
telephone, email, or face-to-face contact. If a person is interested, the study and consent form
will be reviewed. The participant will be given as much time as needed to review the forms and
ask questions, in order to avoid feeling of coercion. When participants are ready, informed
consent will be obtained and they will be asked to complete the PARQ.
2. Paddle Experiment (~15 minutes)
Paddle experiments will be conducted at the E A French courts. The researcher will flip a coin to
determine which paddle the participant will begin with. Heads will be paddle A, a normal paddle,
and tails will be paddle B, the Dual Property Paddle. Both the paddles will be black with an A
and B so participants do not know which paddle they are using.
The participant will engage in regular gameplay with each paddle for 7 minutes, for a total of 14
minutes of play. Researchers will notify the participant at the end of the first 7 minutes and will
replace the paddle and repeat the 7 minutes of play.
3. Survey (~5 minutes)
After play, the participant will anonymously complete a survey to quantify the performance of the
two paddles. This survey will be housed via google forms, however, a paper copy may be
provided to the participant upon request. The survey will properly identify which paddle
corresponds to which order of use for each participant, but the participant will not be notified
which letter corresponds to which type of paddle.
Analysis & Statistics
The data will be post-processed using Minitab.
D. Risks
Although risks are minimal in this study, all possible attempts will be made to minimize the risks
involved, such as inclusion of the PARQ form and injury screening. The risks for physical,
psychological, social, or legal harm are all minimal for the testing procedures in the proposed
study.
Paddle Experiment
While potential injury is possible in this study, participants will play at their comfort level, which
minimizes risk for injury. If the participant feels any pain or discomfort at any time, the
experiment will be terminated. Risk will also be minimized by excluding any participant that does

not meet the inclusion and exclusion criteria above. In case of emergency, there will be at least
one researcher who can call 911.
E. Confidentiality and Data Safety
Participants’ names and the fact that they are in the study will be kept confidential. The
participant may give permission to opt out of the confidentiality agreement if they so choose. All
records and assessment data from this study will be treated as confidential regardless of
permission release. Results of the study will have no identifying marks. Information stored on
our computer will be password protected. Information on questionnaires will be identified by
participant ID and decoded using a list kept in a locked cabinet. Only the principal investigator
will have access to the locked cabinet. All questionnaires completed and data collected in this
study will be shredded between three and seven years after the study’s completion.

Appendix K: IRB Protocol Document
Joint Reaction Forces in the Arm during Pickleball Play
Cal Poly IRB Protocol
Cal Poly HSC Protocol
A. Investigators
A research project aimed at studying the effect of different pickleball paddles on shoulder and
elbow forces of adult pickleball players is being conducted by Cal Poly students under the
supervision of Dr. Britta Berg-Johansen (bbergjoh@calpoly.edu) in the Biomedical Engineering
Department, Dr. Stephen Klisch (sklisch@calpoly.edu) in the Mechanical Engineering
Department, and Dr. Scott Hazelwood (shazelwo@calpoly.edu) in the Biomedical Engineering
Department.
B. Background & Aims
The goal of this biomechanics testing is to evaluate how different pickleball paddle designs
affect joint forces in adults. This will help determine the effectiveness of our prototyped design,
which has the goal of minimizing joint reaction forces in the arm in order to reduce the risk of
injury.
Because pickleball is a newer sport, there is not much research on injury of pickleball players;
however, it is known that the injury is similar to tennis elbow. Tennis elbow is generally
understood to be a reflection of tendon overuse (and failed tendon healing), technically defined
as either angiofibroblastic tendinosis or lateral epicondylitis[1]. There are three typical locations
in the arm for angiofibroblastic tendinosis: lateral (primary muscle extensor carpi radialis brevis
and secondary muscle extensor digitorum communis), medial (primary muscles pronator teres,
flexor carpi radialis, and palmaris longus and secondary muscles flexor carpi ulnaris and flexor
sublimis), and posterior (primary muscle triceps). The condition is historically considered a
degenerative process, as histology reveals no inflammatory cells, hence the name tendinosis,
not tendinitis [1]. [BBJ1] Lateral epicondylitis is a degenerative disorder of the extensor origin at
the lateral human epicondyle where microtrauma causes degeneration [2]. To prevent injury and
aid injury recovery, control of excessive tendon loading can be implemented, either through
bracing, technique, or equipment.
The aim of this project will be to test our pickleball paddle prototypes against standard paddles
and to determine if they reduce joint forces, and therefore lower the risk of injury, in the shoulder
and elbow. Results from this study may improve evidence-based injury prevention paddles for
adult pickleball players.
C. Methods
Participants
During the next year, trained personnel will conduct motion analysis experiments on Cal Poly
students (maximum n=5) aged 19-24 years old[BBJ2] . Prior to conducting the experiments stated
above, pilot experiments may be conducted with group members; in those pilot experiments

where data is gathered, the experimental and analysis protocols described below will be
followed.
Inclusion Criteria
• Adults: age 19-24
• Cal Poly students
• At least some experience playing pickleball
• English speaking
Exclusion Criteria
• history of recent (within 6 months) arm injury (e.g. tears of the UCL, medial epicondylitis,
lateral epicondylitis, rotator cuff, shoulder labrum, etc.)
• other musculoskeletal injuries that may affect pickleball swing biomechanics (e.g. arm, torso,
leg, foot injuries)
• cardiovascular or respiratory disease, or any other metabolic disease/complication
• history of major psychiatric illness, drug abuse, or unsafe dieting practices
• major medical conditions that prohibit physical activity
Visit 1: Consent, Pickleball Experiment (~1.25 hours)
1. Consent (~15 minutes)
The participant will come to the Human Motion Biomechanics (HMB) lab (building 52, room D17)
and the study will be reviewed in detail. The study and consent form will be reviewed and
informed consent will be obtained. The participant will be asked to complete the PARQ and
Photographic Image Release Agreement Forms. The participant will be assigned a Research
Participant Code number to de-identify all subsequent player study data collected. The player
will be asked to complete the Injury Questionnaire.
2. Paddle Experiment (~1 hour)
Paddle experiments will be conducted at the HMB Lab. The HMB Lab will be set up to use a
motion analysis system (Motion Analysis Corp., Santa Rosa, CA) including: 1) ~12 digital
cameras with zoom lenses, autofocus, lighting rings, calibration equipment, marker kit, power
hubs, Ethernet switches, and cables; 2) Cortex and PitchTrak software for setup, calibration,
real-time tracking, and data post processing; and 3) computer workstation. The video cameras
and software will be used to track markers attached to anatomical reference points during
motion and, consequently, characterize motion kinematics. Additionally, there will be a net
system with supports for the participants to hit the ball into.
Participants will undergo preliminary tests to measure body weight and height (used to calculate
BMI), and upper arm/forearm lengths (shoulder to elbow, elbow to wrist) and the Test Participant
Information form will be filled out.
Participants will then go through a pre-game warm up to help prevent injury. In this warm up,
each player will complete 20-25 warm up swings at varying velocities and stroke types.

After the warm up is complete, the participant will be asked to put on compression clothing (shirt
and shorts). Areas of skin where markers and sensors will be placed may first be cleaned with
rubbing alcohol and swabs, allowing time for the alcohol to vaporize before adhering
markers/electrodes. Shaving with a disposable safety razor may be used to remove hair to
enhance marker and sensor adhesion. Retro reflective markers will then be placed on important
anatomical landmarks on the participant’s body based on our PitchTrak (analysis software)
pitching marker set. Sensors containing electromyography (EMG) and inertial measurement
(IMU) components may be placed on the swinging arm and/or the participant’s off hand to track
kinematics during the experiment. The EMG component measures very small electrical currents
generated in nerves or muscles. Upon first application, they initially generate very small
electrical currents in resting muscles which then goes away. EMG measurements are
considered very safe for experiments with human subjects (for more information, see
https://www.mayoclinic.org/tests-procedures/emg/about/pac-20393913). The IMU contains
accelerometers and gyroscopes to record accelerations and angular velocities. IMUs are
considered very safe for experiments with human subjects. The researcher will continue to
check for participant comfort throughout marker and sensor placement. If the participant feels
uncomfortable at any time, the experiment may be terminated.
Data will first be collected with the participant standing still (i.e. static trial necessary for model
scaling). Then, the participant will stand on the force plates and will begin hitting the ball toward
a net and target in the manner which they prefer. The participant will begin with 20 warm-up
swings (10 at forehand, and then 10 backhand), and then perform 5 swings of each motion
during which data will be recorded, forehand ground, backhand ground, forehand volley,
backhand volley. Data will be recorded in Cortex and kinematic and kinetic outputs will be
processed using PitchTrak software. PitchTrak and an accelerometer placed within the
pickleball will be used to measure ball velocity and acceleration. The ball speed data will not be
disclosed to the participants in order to prevent any mechanical changes based on having that
information available.
Analysis & Statistics
The data will be post-processed using PitchTrak to perform standard-scaled inverse dynamics
to calculate different biomechanical variables for the elbow and shoulder joints including angles
and joint loads. If necessary, anthropometric data, such as arm segment weights, will be
estimated for each participant based on accepted literature values (such as from Introductory
Biomechanics, Ethier and Simmons).
Peak kinematic/kinetic values will be recorded for the ball hit with the most velocity with usable
data for each stroke type (i.e., some data may be lost e.g. due to markers/EMG sensors falling
off during a stroke). Statistical analyses will be focused on investigating correlations between
peak values of various elbow and shoulder joint biomechanical variables and
forehand/backhand swinging motions. IMU sensor data (accelerations and angular velocities)
will be used to develop swinging detection algorithms; i.e., computer codes that can detect
automatically swings in order to monitor swinging workload.

D. Risks
Although risks are minimal in this study, all possible attempts will be made to minimize the risks
involved. The risks for physical, psychological, social, or legal harm are all minimal for the
testing procedures in the proposed study.
Paddle Experiment
While potential injury is possible in this study, proper pregame warmup may reduce the risks for
injury. Every 5 swings, the participant will be asked if any pain is felt in their elbow or shoulder
joints and/or the rest of their body. If the participant feels any pain or discomfort at any time, the
experiment will be terminated. To prevent the risk of slipping during swinging, turf mats will be
placed on the ground. To prevent the risk of potentially damaging the cameras and infrastructure
of the building, a large net will be hung in the lab. This net has been tested for durability and
effectiveness. In this study, the fact that ball velocity will not be disclosed to the participant will
be discussed during the informed consent process while emphasizing that this is done to reduce
risk. Risk will also be minimized by excluding any participant that does not meet the inclusion
and exclusion criteria above. There will be at least 2 trained staff persons in the room during
testing at all times, one who can perform CPR (and is CPR-certified) and one who can call 911.
The EMG and IMU sensor measurements are considered very safe because they involve very
small electrical currents generated in nerves or muscles that participants cannot feel.
Participants may experience some local skin discomfort/irritation where adhesives are used to
attach the sensors. To minimize contamination/infection, several precautions will be exercised.
Areas of skin where markers/electrodes will be placed may first be cleaned with rubbing alcohol
and swabs. Sensors will not be placed on or near any skin abrasions/injuries. Only new, unused
adhesives will be used for each participant, and sensors that are re-used will be cleaned with
rubbing alcohol before and after use.
E. Confidentiality and Data Safety
Participants’ names and the fact that they are in the study will be kept confidential. The
participant may give permission to opt out of the confidentiality agreement if they so choose. All
records and assessment data from this study will be treated as confidential regardless of
permission release. Results of the study will have no identifying marks. Information stored on
our computer will be password protected. Information on questionnaires will be identified by
participant ID and decoded using a list kept in a locked cabinet. Only the principal investigator
will have access to the locked cabinet. All questionnaires completed and data collected in this
study will be shredded between three and seven years after the study’s completion. Participants
may be asked if they wish to sign a Photographic Image Release Agreement Form in order to
allow the use of photographic or video materials for a variety of activities and such participation
is voluntary.
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